Binderless tungsten carbide (WC) with added carbon was sintered at 1800°C using a resistance-heated hot-pressing machine. Dense binderless WCs were obtained in the range from 0.25 to 0.3 mass% C, consisting of only a WC phase. The constituent phase transition with increasing carbon addition was WC + W 2 C, WC alone, and WC + residual C. Very fine WC grains were formed in the presence of W 2 C below 0.25 mass% C. When binderless WCs consisted of a WC single phase, larger WC grains were observed. While a high hardness value, more than 23.9 GPa, was measured for binderless WCs below 0.20 mass% C, the hardness decreased markedly in the range from 0.25 to 0.3 mass% C, corresponding to significant WC grain growth. A HallPetch-like relationship was confirmed between the hardness value and the grain size for dense binderless WC.
Introduction
Tungsten carbide (WC), consolidated by liquid phase sintering with the metallic binder Co, is used for enhanced performance cutting tools, dies, and wear-resistant parts requiring high hardness and Young's modulus. Co addition improves not only sinterability but also fracture toughness. 1) However, the addition of the metallic binder decreases the Young's modulus, hardness, and corrosion resistance. Thus, binderless carbides containing hardly any metallic binder were developed for use in both abrasive and corrosive environments, 2) which involve ceramic binders such as TiC and TaC.
Although pure WC is most suitable for this use, it is not easy to densely sinter, even by hot pressing. However, binderless WC, regarded as almost pure WC, recently became relatively easy to densely sinter using a resistance-heated hot-pressing technique named spark plasma sintering. 35) When sintering pure WC powder, a small amount of tungsten hemicarbide, W 2 C, is formed in a WC ceramic during sintering because the surface of the WC powder becomes oxidized.
68) Such surface oxidation is unavoidable for fine powder handled in air. Reported mechanical properties of W 2 C include a Young's modulus of 444 GPa and Vickers hardness value of 17.1 GPa at 9.8 N indentation load. 9) The reported Young's modulus of dense WC ceramics is still high, around 700 GPa, 1015) and the reported Vickers hardness of WC is 2428 GPa at 9.8 or 98 N testing force. 6, 1618) Consequently, the presence of W 2 C in the WC sintered body may reduce its mechanical properties. The W 2 C phase in the WC sintered body from powder containing carbon is not detected by X-ray diffraction analysis. 6, 7) Although appropriate carbon addition can produce a sintered body without W 2 C, excessive carbon addition may bring about a reduction in toughness because of residual carbon phases. Thus, the control of the carbon amount in WC powder is important for producing sound WC ceramics. However, the effect of carbon addition on the microstructure and mechanical properties of sintered WC has not been examined because of their difficult sinterability. In the present study, WC powder compacts containing additional carbon in the range of 01 mass% C were sintered using a resistanceheated hot-pressing machine, which enables dense consolidation of sintering-resistant compounds. The constituent phases, microstructure, grain size, and mechanical properties were examined, and the relationship between grain size and hardness of the binderless WC is discussed.
Experimental Procedures
Carbon powder (Ketjen Black EC600JD) and WC powder (Japan New Metals, average particle diameter 0.73 µm, chemical composition (mass%): total C 6.14, free C 0.02, Fe max. 0.050, Mo max. 0.020, W balance) were used as starting materials. The carbon powder was added to the WC powder in the range from 0 to 1.0 mass%. The weighed powders were mixed using an alumina mortar to prevent metallic contamination. Every mixture was pressed in a graphite die with an inner diameter of 20 mm at an applied pressure of 50 MPa. The compacts obtained were sintered with a resistance-heated hot-pressing machine (SPS-2080) at a heating rate of 50°C min ¹1 and an applied pressure of 50 MPa at a sintering temperature of 1800°C. Rapid heating and cooling are applicable during sintering in the sintering machine because the graphite die and the specimen are heated directly by a pulsating current. The temperature was measured 10 mm inside the outer die surface (5 mm outside the sample) through a small hole using an optical pyrometer. The shrinkage coefficient of the sample was calculated from net pressing ram displacement, obtained by correcting the measured displacement for the expansion of load train spacers and work punches during heating. Both sides of each sintered body (diameter 20 mm and height about 7 mm) were ground down by 0.75 mm to prevent carbon contam-ination. One ground surface was polished using 1-µm diamond paste.
Sintered bodies were characterized for density, phase constitution, microstructure, and mechanical properties. The density was measured using the Archimedean method. The phase constitution was analyzed with a high-power X-ray diffractometer (Rigaku, RINT-2500VHF) using Cu K¡ radiation under operating conditions of 50 kV and 300 mA. The microstructure of the sintered bodies was surveyed with an electron probe microanalyzer (EPMA, JEOL JXA-8200). Young's modulus was determined by a pulse-echo method with an elastodynamic rate-measuring system (Toshiba Tungaloy, UMS-HL). The Vickers hardness was measured under a test force of 9.8 N at a holding time of 15 s. The fracture toughness was estimated by the indentation fracture method using the Evance and Davis equation. 19) 3. Results and Discussion Figure 1 shows the change in the relative X-ray intensity for sintered WC as a function of added carbon. Each relative intensity value was calculated from the intensities of the highest diffraction peaks for all product phases. Below 0.25 mass% C, a small amount of W 2 C was formed in the WC. W 2 C also existed in the starting WC powder, although it was much less than in sintered WC. Thus, most of W 2 C found in the sintered WC must have been caused by surface oxidation of the fine WC starting powder and the decarburization reaction during sintering, as described previously. 20) Zhao et al. indicated that the W 2 C phase formed during sintering due to the existence of WO 3 layers on WC particles by the following reactions:
Reaction products
and
The relative intensity of W 2 C decreased with increasing carbon addition and decreased to zero above 0.25 mass% C. A WC single phase, with no W 2 C or C, was obtained with the addition of carbon at 0.25 to 0.30 mass%. Above 0.30 mass% C, residual carbon (graphite) was confirmed in the binderless WCs. The presence of excess residual carbon causes adverse effects on the strength of the WCCo cemented carbide.
In binderless cemented carbide with TiC and a very small amount of Co, the carbon-rich grain boundary between WC and TiC grains was brittle and impaired the mechanical properties such as wear resistance.
21)

Sinterability and density
The shrinkage coefficient, ¡, for the sintered bodies during sintering was calculated from the displacement of the pressing ram to evaluate the sinterability using the following equation:
where L is the average specimen thickness for the temperature rise ¦T (¦T = 50°C) and ¦L is the specimen thickness decrease for the temperature rise ¦T during heating. The sintering reaction proceeds most rapidly at the temperature at which the specimen has the maximum shrinkage coefficient T s ; lower T s indicates better sinterability. Figure 2 shows T s as a function of carbon amount. When WC without carbon was sintered, T s was 1730°C. T s WCs was decreased by nearly 100°C with carbon addition above 1.6 mass%. The product W 2 C phase was reduced with carbon addition and disappeared entirely above 0.25 mass% C. The elimination of the W 2 C phase from the binderless WC was very effective in improving its sinterability. Figure 3 shows the bulk density of the sintered bodies. Because the W 2 C phase disappeared at 0.25 mass% C (3.93 mol%), the WC powder contained 3.93 mol% W 2 C and a graphite phase remains unreacted, by the additive amount minus 0.25 mass% in the sintered body. The theoretical density of the binderless WC was calculated from the fractions of WC, W 2 C and residual C and the X-ray densities of WC (15.669 g cm ¹3 ), 22 ) W 2 C (17.144 g cm ¹3 ) 23) and C (graphite, 2.281 g cm
¹3
). 24) The binderless WC consisted of only a WC phase in the range from 0.25 to A. Nino, K. Takahashi, S. Sugiyama and H. Taimatsu0.3 mass% C. The relative density of its binderless WC was 99%, being almost fully dense. The relative density above 0.3 mass% C decreased with increasing C amount. This decrease was caused by the increase in pores and residual C.
Microstructure
The microstructure of the carbon-added binderless WCs is shown in Fig. 4 . Every binderless WC had an equi-axed granular structure. The small circular black region corresponds to pores for (a)(f ) and pores and/or residual carbon for (g)(i). WC grains with carbon addition from 0 to 0.2 mass% (Figs. 4(a)4(d) ) were very fine. With low carbon addition, pores were frequent in the vicinity of grain boundaries. At 0.25 and 0.3 mass% C, however, WC grains were very large and pores existed in WC grains, suggesting rapid grain growth. In WCSiC ceramics, large WC grains had plate-like shapes. 25) In those compositions, no coarse plate-like WC grains were observed and the WC grains had no preferential texture. At carbon additions of 0.8 and 1.0 mass%, residual carbon increased with increasing carbon added. Cha and Hong 7) reported that pores were reduced by the addition of 0.3 mass% C in binderless WC, although a small amount remained.
The average grain size, an increase in which resulted in decreased hardness, 26) was measured as a function of carbon amount. Figure 5 shows the average WC grain size for binderless WC. Below carbon addition of 0.25 mass%, where a W 2 C phase existed, the average grain size was about 0.4 µm. The average grain size increased dramatically at 0.25 mass% C, measuring about 4.3 µm. As shown in Fig. 1 , the W 2 C phase disappeared entirely at a carbon addition of 0.25 mass% and the sintered body consisted of only a WC single phase. This suggests that WC grain growth was inhibited by the existence of the W 2 C phase. However, little change was reported in grain size with carbon addition in binderless WC, from 305 µm with a minor amount of W 2 C to 460 µm without W 2 C.
6) The WC grain size variation in the present study, whereby the grain size became 10 times larger than without carbon addition, differed substantially from the previously reported size variation. Because the carbon addition was not sufficient to remove the W 2 C, a small amount of W 2 C that could not be detected by XRD should exist in the binderless WC. When carbon was added into binderless WCs above a carbon addition of 0.3 mass%, the average grain size decreased significantly. The sizes were about 1 µm at 0.8 and 1.0 mass% C. With these carbon additions, the binderless WCs were composed of WC and C phases. The residual carbon contributed to WC grain growth inhibition.
Mechanical properties
The variation in the Young's modulus of the binderless WC with carbon addition is shown in Fig. 6 . Young's modulus of WC has been reported at around 700 GPa.
1015)
The Young's modulus for the binderless WC increased with increasing carbon addition, up to 0.25 mass%. At a carbon addition of 0.25 mass%, the binderless WC consisted of a WC single phase and its Young's modulus was 716 GPa, which is very close to the highest value in the literature.
Above 0.25 mass% C, the modulus decreased linearly with increasing carbon amount. The sintered body contained a little W 2 C with no carbon addition (Fig. 1 ). Young's modulus for W 2 C has been reported as 420444 GPa, 9, 12, 15, 27) much lower than that of WC. The slightly decreased Young's modulus measured below 0.25 mass% C is due to the existence of W 2 C in small amounts. The Young's modulus reduction above 0.3 mass% C is due to residual carbon (graphite) having a very low Young's modulus.
The change in the Vickers hardness of the binderless WCs is shown in Fig. 7 . No preferential texture was confirmed in the sintered bodies from the X-ray analysis. Thus, the hardness of the binderless WC is regarded as that of an isotropic material. While a high hardness value, greater than 23.9 GPa, was measured for the binderless WC with carbon addition up to 0.2 mass%, the hardness of pure WC decreased markedly above 0.25 mass% C. Above 0.3 mass%, the hardness increased a little with increased carbon addition. The hardness values of the sintered bodies below 0.2 mass% were close to those of other reported binderless WC. 6, 18) The hardness variation of polycrystalline ceramics with grain size follows a HallPetch-like relationship.
28) The high hardness values with the carbon amount up to 0.2 mass% were caused by the small grain sizes (Fig. 5) . The hardness decrease at 0.25 mass% C was induced by WC grain growth due to the disappearance of W 2 C. Despite the smaller grain size, the low hardness value above 0.8 mass% C was due to the presence of residual carbon.
Lee and Gurland associated the hardness of pure WC prepared by hot-pressing with the WC grain size. 26) The relationship between the hardness of pure WC and the WC grain size confirmed a HallPetch-like relationship: H V / GPa = 13.55 + 7.16d generated line in the present study differed only slightly from Lee and Gurland's result. This indicates that the hardness of dense binderless WC was firmly controlled by the grain size. Figure 9 shows the fracture toughness of the binderless WC sintered at 1800°C. Although the hardness could be measured at a testing force of 9.8 N for the binderless WCs at 0.25 and 0.3 mass% C, the fracture toughness could not be measured because of no linear cracks were generated. Little change occurred in the fracture toughness below 0.2 mass% C, being around 5.9 MPa m 1/2 . The fracture toughness reported for pure WC was 6.6 MPa m 1/2 , 18) which was calculated using the Anstis equation. 19) Evans and Davis's equation has been used for many ceramic materials.
29) The value calculated with the Anstis equation was 4.6 MPa m 1/2 . The fracture toughness values below 0.2 mass% were lower than those of other binderless WCs.
18) Above 0.4 mass% C, the fracture toughness decreased sharply from 5.9 to 5 MPa m 1/2 . This lower fracture toughness resulted from the presence of residual carbon in the sintered body.
Conclusions
Binderless WCs sintered without a metallic binder were almost fully dense in the range from 0.25 to 0.3 mass% C, when they consisted of a WC single phase. The W 2 C amount in WC decreased with increasing carbon addition and was reduced to zero above 0.25 mass% C. The constituent phase for binderless WC changed from WC + W 2 C to a WC single phase with increasing carbon addition below 0.3 mass% C. Above 0.3 mass% C, not only a WC phase but also residual carbon (graphite), was formed in the binderless WCs. The microstructure transition with carbon addition was associated with a change in the constituent phase. Very fine WC grains, about 0.4 µm, formed in the presence of W 2 C below 0.25 mass% C. The W 2 C phase disappeared above 0.25 mass% C. Correspondingly, binderless WCs consisting of a WC single phase had large grains. While a high hardness value, more than 23.9 GPa, was measured for binderless WCs below 0.20 mass% C, the hardness decreased dramatically in the range from 0.25 to 0.3 mass% C. The Vickers hardness of binderless WC increased with decreasing grain size. A Hall Petch-like relationship was confirmed between the hardness value and grain size, suggesting that the hardness of dense binderless WC was controlled by the WC grain size. 
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